Invasive meningococcal disease (IMD) is a major public health problem worldwide. An epidemic of serogroup C (NmC) IMD occurred in 2010 in the city of Salvador. In this study, we describe the antigenic and genetic characterization of meningococcal isolates collected from meningitis cases in Salvador from 2001 to 2012. Pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing (MLST) were performed for the analysis of IMD isolates. A total of 733 cases were identified, and the serogroup was determined for 391 (53.0%) of these. Most cases were caused by NmC (53%) or B (47%). The most prevalent strains were B:4,7:P1.19,15 (32.9%; 129/391) and C:23:P1.14e6 (28.6%; 112/391). Based on PFGE/MLST analysis, 71.3% (77/108 PFGE-tested isolates) clustered as two clones of sequence type ST-3779 and ST-3780, both belonging to the ST-103 clonal complex. ST-3779 has been detected in Salvador since 1996 and together with ST-3780 became predominant after 2005. There was a predominance of C:23:P1.14e6, ST-3779/3780 in Salvador during the period of 2007e2012, establishing a major clonal lineage, which remained in the community for a long time; this has serious implications for public health, particularly in terms of prevention and control strategies of IMD.
Introduction
Invasive meningococcal disease (IMD) is an infection caused by Neisseria meningitidis. After dramatic reductions in the incidence of Streptococcus pneumoniae and Haemophilus influenzae type b infections through the use of conjugate vaccines, IMD is considered a leading cause of bacterial meningitis [1e4] . The epidemiology of the disease varies widely around the world [5] . These variations are due to several factors, including the pathogenic characteristics of the prevalent strains of N. meningitidis [3, 5] .
In Brazil, N. meningitidis serogroup B (NmB) was associated with most cases during the 1980s and 1990s, with a peak in 1996. However, since 2001, the number and proportion of cases due to serogroup C (NmC) have been increasing markedly; this was followed by a reduction in the number of cases due to serogroup B [6, 7] . In 2008, a NmC IMD epidemic started, which peaked in 2010, in the city of Salvador (estimated population 2,676,606, 21% of the state population), Bahia's state capital and the fourth most populous city of Brazil. To combat the epidemic, in February 2010, the state government introduced meningococcal serogroup C conjugate (MCC) vaccine for children <5 years and also included mass vaccination for individuals 10e24 years of age, before the national introduction of the MCC vaccination in Brazil's National Immunization Program, initiated in August 2010 [8] . In total, >611,673 doses of MenC vaccine were administered during the campaigns, with an estimated coverage of 92% among the target population of children aged <5 years, 80% among 10e14 year olds, 67% among 15e19 year olds, and 41% among adults aged 20e24 years; the MenC vaccines administered during the meningococcal epidemic were highly effective [9] .
However, few studies have been conducted in Brazil to assess the prevalence of N. meningitidis isolates and sequence types (STs) during epidemics, and during the pre-and postvaccine introduction periods. To describe the epidemiological characteristics of IMD, and to assess the molecular epidemiology of the bacterium, we conducted an analysis of IMD-associated serogroups, serotypes, serosubtypes, and STs before and after MCC vaccine introduction in Salvador.
Materials and methods

Surveillance
From 1 January 2001 to 31 December 2012, active hospitalbased surveillance of IMD was performed in Couto Maia Hospital, the state reference hospital for infectious diseases in Salvador [10] . Notification of meningitis cases to state health officials is mandatory, and during the study period, Couto Maia Hospital reports represented 86%e90% of such cases among the residents of Salvador. Cases were defined by the isolation of N. meningitidis from cerebrospinal fluid specimens and/or by a positive latex agglutination test (BD, Broken Bow, NE, USA) result from a patient with clinical signs and symptoms of meningitis. A study team of physicians and medical students reviewed laboratory records five days a week to identify newly cultured isolates. Demographic and clinical data from patients were collected during interviews and/or from medical chart reviews.
Laboratory methods
N. meningitidis isolates from patients with IMD were sent to the Molecular Biology Research Laboratory at the Gonçalo Moniz Research Centre at the Oswaldo Cruz Foundation in Salvador for characterisation using serogroup-specific antisera (Difco Laboratories, Detroit, MI, USA), as described previously [7, 11] .
Serotyping and serosubtyping of N. meningitidis isolates were performed at the Medical Biology Division, Bacteriology Department at Adolfo Lutz Institute, Brazil, by dot blot analyses using whole-cell suspensions, as described previously [7] .
Pulsed-field gel electrophoresis (PFGE)
Random NmC isolates from each year were examined by PFGE after digestion of bacterial DNA with NheI (New England Biolabs, UK), as described previously [12] . The NheI fingerprints were analysed using GelCompar II software (Applied Maths, Belgium). Clustering was based on the unweighted pair-group method with arithmetic averages (UPGMA). The Dice correlation coefficient was used to analyse the similarities of the banding patterns with a tolerance of 1.0%. The interpretation of chromosomal DNA restriction patterns was based on the criteria of Tenover et al. for closely related isolates [35] . Briefly, strains showing more than three DNA fragment variations and a similarity of <80% by dendrogram analysis were considered to represent different PFGE types, while one to three-fragment differences and a similarity of >80% upon dendrogram analysis were considered to represent PFGE pattern subtypes.
Multilocus sequence typing (MLST)
Based on the results of the PFGE clustering analysis, a random sample of all isolates showing high relatedness (80%) was selected for MLST analysis, according to the methods of Maiden et al. [13] . Primers, the determination of sequence alleles, and the designation of STs are described in the Multi Locus Sequence Typing website (http://pubmlst.org/ neisseria).
Statistical analysis
Patients residing in the city of Salvador, who had laboratory-confirmed IMD were included in this study. Cases were double-entered and validated in Epi-Info v.3.5.1 (CDC/ USA). The clinical characteristics of cases were described by absolute and relative frequencies or by means and standard deviations. Statistical significance for the comparison of proportions and means was assessed by performing a c 2 test or a t-test. Differences were considered statistically significant when the two-tailed P-value was <0.05. Statistical analyses were performed using Epi Info v.3.5.1 (CDC/USA) and SPSS v.18.0 (IBM Corp., Armonk, NY, USA).
Ethics statement
During the surveillance, informed consent procedures were applied prospectively to all patients and/or guardians of patients included in this study, which was approved by the National Committee for Research Ethics (CONEP) and the FIOCRUZ Institutional Review Board, Brazilian Ministry of Health. All patients or legal guardians gave written informed consent prior to enrolment of patients in the study, except in situations where the participant was unable to give written informed consent due to illness. In such cases, written informed consent was obtained from the subject's legally authorized representative.
Results
During the 12-year study, 733 patients with IMD were admitted to the Bahia's public infectious diseases reference hospital (Couto Maia Hospital). Among these, 461 (62.9%) were diagnosed by culture. The serogroup was identified in 391/461 (84.8%) of cases that had bacteria available for testing; 185 (47.3%) were serogroup B, 193 (49.4%) were serogroup C, 8 (2%) were serogroup W, and 5 (1.3%) were serogroup Y. There was a male predominance among all cases with a confirmed serogroup, but there was no significant difference in the gender between patients infected with NmB and those infected with NmC (55% vs. 58%, p ¼ 0.5; Table  1 ). Patients infected with NmB were typically younger than those infected with NmC (median: 7 years vs. 14 years, respectively; p < 0.01), especially among those under 5 years of age. We also observed a significant difference among patients older than 25 years in that NmC cases were more frequent than NmB cases (26%; p < 0.01, Table 1 ). Case fatality rate was slightly higher in patients infected with NmC than in patients infected with NmB (13% vs. 8%, respectively; p ¼ 0.09; Table 1 ). There was no significant difference between patients infected with NmB and those infected with NmC in terms of intensive care unit admissions (15% vs. 21%, respectively; p ¼ 0.17; Table 1 ). There was no difference in terms of the length of hospital stay, with patients infected with NmC remaining an average of only 1 day longer than patients infected with NmB (Table 1) . Based on the results of cerebrospinal fluid laboratory analyses, a small difference was observed; patients infected with NmC had lower glucose (27 ± 17.9, p < 0.01) and higher protein levels (369 ± 295, p ¼ 0.03), compared with patients infected with NmB (Table 1) . From 2001 to 2006, NmB was the prevalent serogroup in the population. After this period, the proportion of cases caused by NmC increased markedly until 2012; this was accompanied by a reduction in cases due to NmB (Fig. 1) .
Of the 391 IMD cases with a defined serogroup, the serotype was determined for 371 (95%) isolates, and serosubtypes were identified for 254 (65%) isolates. The most prevalent strain (serogroup:serotype:serosubtype) from 2001 to 2006 was B:4,7:P1.19,15 (N ¼ 120); however, the incidence of this strain decreased in 2007, despite its continued presence in the study population until 2009 (Fig. 1) . From 2005, an increase in the frequency of the strain C:23:P1.14e6 occurred, and this became prevalent after 2007 (N ¼ 91).
A total of 108 NmC isolates were analysed by PFGE, and 36 were assessed by MLST. This analysis identified eight PFGE patterns: three having one isolate each, and five with the number of isolates ranging between 4 and 77 (Supplementary Table 1) . PFGE pattern A, with eight subpatterns (A1 to A8) was the largest, harbouring 71.3% of the isolates (77/108), and this group was related to the serotype:serosubtype 23:P1.14-6 (N ¼ 60), 23: 
Discussion
NmB accounts for a substantial proportion of cases in the U.S.A. and other parts of the world [14e16]. In this study conducted from 2001 to 2012, NmB was found to prevail from 2001 to 2006, when the most affected age group was younger than the age group comprising cases due to NmC. However, in Brazil, an increase in the number and proportion of IMD cases caused by NmC has been observed since 2002 in different regions [17, 27] . In Salvador, NmC was responsible for the major proportion of IMD cases in 2007, changing the pattern that was observed in previous years, when NmB was the predominant serogroup [7, 8] . In contrast to countries in Europe and North America, an important feature observed in Brazil is the absence of peak incidence of IMD cases in adolescents during endemic periods [17, 18] . The high incidence of NmC in teenagers recorded in Salvador in 2010 could be attributed to the occurrence of epidemics. During epidemics and in outbreak situations, IMD incidence tends to increase mainly among young children, older children, and young adults [19, 20] .
In this active, hospital-based surveillance of IMD, we observed a male predominance among cases when the meningococcal serogroup was identified, and no significant gender differences in patients infected by NmB and NmC. For unknown reasons, the risk of IMD is higher among males until approximately the age of 45, at which time the risk becomes higher among women [32, 33] . In addition, we found that patients infected by NmC tended to exhibit higher lethality than patients infected by NmB. Added to other risk factors, these results could be attributed to the fact that older individuals were predominant among patients infected with NmC. Older individuals are at a higher risk for complications arising from IMD [21, 22] . We also observed differences in terms of cerebrospinal fluid glucose and protein levels in patients infected with NmB and those infected with NmC. Despite these results, we do not know which host or bacterial factors are implicated in the severity of meningococcal disease [15, 23, 24] . Alterations in the blood cerebrospinal fluid barrier and in the metabolism of glucose by neural cells have been implicated in the genesis of hypoglycorrhachia [25, 26] . Diversity in bacterial cell surface area and surface hydrophobicity within N. meningitidis species could influence meningococcal pathogenesis [27] . PFGE analysis showed that the largest group, containing 71.3% of the PFGE-tested isolates, was related to serotype: serosubtype 23:P1.14-6 (N ¼ 60), 23:nt (N ¼ 7), and NT:nt (N ¼ 10), which was further related to ST-3779 and ST-3780. ST-3779 and ST-3780 belong to the ST-103 clonal complex. A marked increase has been observed in the proportion of cases attributed to NmC isolates associated with the ST-103 clonal complex; this clonal complex has been responsible for most disease cases in Brazil since 2002 [28] . In Salvador, since 2007, we observed a predominance of the C:23:P1.14e6 phenotype strain, which contributed to the IMD epidemic in this city in 2010. This epidemic motivated the introduction of the MCC vaccine in Salvador before its introduction in Brazil's National Immunization Program [8] . The predominance of the C:23:P1.14e6 phenotype strain, identified in the current study, is in accordance with the findings of a cross-sectional study during an outbreak of NmC IMD that occurred in 2010 in São Paulo, Brazil. During that outbreak, the C:23:P1.14e6 phenotype strain was predominant, and the most prevalent clonal complex (cc) was cc103, represented by ST-3780 [27] . This reinforces the concept that the predominance of a particular strain is an important marker of epidemic conditions [3, 29, 30] , and that epidemics tend to be caused by the clonal expansion of a single hypervirulent clone.
This study was subject to a number of limitations. First, we could not include septicaemia cases without meningitis, as the main prerogative of the hospital was the management of meningitis cases. Second, cases of NmC IMD might have been missed if they were not referred to the Hospital Couto Maia, and third, isolates were not obtained for all IMD cases for serogrouping. However, considering the fact that in most middle income countries where basic statistics on IMD are available, data regarding the molecular characteristics of dominant strains, such as MLST data [31, 32] , are lacking, this study enhances our knowledge of the molecular epidemiology of IMD in Brazil. This will help us to better understand IMD during large citywide epidemics. In conclusion, the spread of NmC in Salvador between 2007 and 2010 was caused by the serotype:serosubtype 23:P1.14e6, ST-3779/3780, which had circulated in the community since 1996.
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